Background and objective: Pulmonary infarction (PI) from pulmonary embolism (PE) remains an entity of unclear aetiology. PI has been thought to occur in elderly patients with cardiopulmonary disease. We hypothesize younger patients without cardiopulmonary comorbidities are at highest risk. Our study aims to characterize PI clinically and radiographically, determine associated risk factors and determine their clinical significance. Methods: We conducted a single-centre retrospective review of 367 consecutive patients with PE. Clinical and radiographic data were compared between patients with and without PI using chi-square and F-tests. Univariate and multivariate analyses were performed to evaluate risk factors for PI. Results: PI occurred in 62 of 367 patients with acute PE (16.9%). Patients with PI were significantly younger (48 AE 20.3 vs 59.6 AE 17.2 years, P < 0.01), with lower pulmonary embolism severity index (PESI) scores (73.7 AE 38.1 vs 91.9 AE 37.5 years, P < 0.01) and endorsed chest pain with significantly higher frequency (65% vs 39%, P < 0.01). There was no significant difference in other clinical symptoms, hospital length of stay or mortality between groups. Presence of radiographic cardiopulmonary disease was significantly lower in patients with PI (emphysema: 5% vs 22%, P = <0.01; aortic atherosclerosis: 23% vs 43%, P = <0.01). In multivariate analysis, age ≤33 (OR 3.5 CI: 1.37-8.95, P < 0.01), chest pain (OR 2.15 CI: 1.15-4.00, P = 0.02) and pleural effusion (OR 2.18 CI: 1.08-4.41, P = 0.03) increased PI risk and presence of emphysema decreased risk (OR 0.21 CI: 0.06-0.70, P = 0.01). Conclusion: Younger patients without cardiopulmonary comorbidities are at highest risk of PI. Chest pain and pleural effusion significantly increased risk of PI while presence of radiographic emphysema reduced risk.
INTRODUCTION
Pulmonary embolism (PE) is the third most frequent cause of cardiovascular disease, with an annual incidence of 75 to 269 cases per 100 000 persons and a mortality rate as high as 31% if unrecognized. [1] [2] [3] Approximately $7-10 billion is spent annually managing patients with venous thromboembolism in the United States alone. 2, 4 An increasingly recognized complication of PE is the development of pulmonary infarction (PI), with recent reports citing prevalence as high as 31%. [5] [6] [7] The lungs have a dual blood supply of pulmonary and bronchial vessels. Oxygen is exchanged for carbon dioxide at the alveolar-capillary interface. 8 This anatomical arrangement has been thought to be protective for the lungs from ischemic insults, such as PI. Animal models have demonstrated lung tissue's viability following ligation of the supplying pulmonary artery, where perfusion is maintained by the bronchial circulation. 9 Despite this paradigm, ischemic insults to the lungs still occur. The original observations by Hampton reported a radiographic and autopsy confirmed incidence of PI as high as 70% in patients with acute PE and concomitant left-sided heart failure. 10 It was hypothesized that pulmonary venous hypertension from low cardiac output causes impaired systemic blood flow to bronchopulmonary anastomoses supplying areas distal to obstruction, predisposing to PI. Recent literature however reports young and healthy individuals with acute PE are at higher risk of PI. 6, 7, 11 With the advent of computed tomography pulmonary angiography (CTPA) as the first-line modality for diagnosis of PE, more precise radiologic description of infarctions have facilitated the improved characterization of PI and a better understanding of possible underlying mechanisms responsible for the development of PI. 12 The current study was conducted to (i) characterize the clinical and radiographic features associated with PI; (ii) identify patient-specific risk factors to help generate hypotheses for the pathogenesis of PI; and (iii) investigate the clinical and prognostic significance for patients with acute PE who develop PI.
METHODS

Study population
We performed a single-centre retrospective review of consecutive patients with acute PE from April 2011 to July 2013 and June 2015 to September 2016 at an academic medical centre in New York City. All participating patients were aged ≥18 years. The study was conducted in accordance with the amended Declaration of Helsinki. The study was approved by the local Institutional Review Board and informed consent was waived.
Clinical data
Electronic medical records were reviewed for all patients with PE diagnosed by CTPA for patient demographics, clinical presentation, laboratory data, receipt of antibiotics for suspected pneumonia, hospital length-of-stay and inpatient mortality rates. Demographic data included age, sex, body mass index (BMI) and height. Past medical history included history of chronic lung disease (asthma, chronic bronchitis, emphysema or interstitial lung disease) and history of left-sided heart failure. The pulmonary embolism severity index (PESI) and its simplified counterpart (sPESI) were calculated. Clinical presentation included initial vital signs and presence of the following symptoms: altered mental status (AMS), pleuritic chest pain (PCP), dyspnoea or syncope. Laboratory data included troponin I (positive if >0.034 ng/mL), brain-type natriuretic peptide (BNP; positive if >100 pg/mL) and white blood cell count (elevated if >11 k/μL).
Radiographic data
CTPAs were acquired using 64-slice multidetector scanners (Somatom Definition AS; Siemens Healthcare GmbH, Erlangen, Germany). Both bolus-tracking and test-bolus techniques, with low-osmolar non-ionic contrast media (Isovue-300 or Isovue-370; Bracco Imaging, Monroe Township, NJ, USA) were utilized. All images were reported by an attending radiologist at time of image acquisition, and a diagnosis of PE, degree of clot burden, and the presence of PI were reported. A chest radiologist (S.V.) subsequently reviewed all scans blinded to all patient data except for PE diagnosis. We established the read of the chest radiologist as the gold-standard, and accepted their read over the index when discrepancy arose.
As per Revel et al., 13 PI was defined by the presence of a peripheral consolidation with an adjacent subsegmental PE or more central PE on computed tomography (CT). The presence of central lucency and vessel sign, and absence of air bronchograms, supported the diagnosis of PI, while the presence of a semicircular morphology was deemed equivocal. 13 Clot distribution was noted based on the arteries involved in main, lobar, segmental and subsegmental divisions with a filling defect. We evaluated for radiologic presence or absence of emphysema, airway inflammation, aortic atherosclerosis, coronary atherosclerosis and pleural effusion. The chest radiologist characterized PIs by the presence of (i) central lucency; (ii) air bronchograms; (iii) semicircular-shaped opacity; and (iv) the vessel sign (presence of a distinct vessel leading to an opacity) where there are peripheral opacities distal to an obstructed vessel. 13 Right ventricular (RV) dysfunction was defined on echocardiography by presence of RV dilation, hypokinesis and/or reduced systolic function. All echocardiograms were performed by an expert sonographer and subsequently reviewed by a board-certified cardiologist.
Statistical analysis
All data with categorical variables was analysed using the chi-square test. Data where one variable is categorical and the other is continuous was analysed using the F-test. All continuous variables were tested for normality, and the Kruskal-Wallis test was used when variables deviated from normality. Proportional differences in clot burden and distribution was analysed using the Z-test. Descriptive data is presented as mean AE SD. Categorical data is shown as counts and percentages.
Univariate analysis was used to determine unadjusted odds ratios for the probability of having PI. Significant findings were fed into a multivariate stepwise regression model to establish quantitative correlations for independent predictors of PI. Statistical significance was set at two-tailed P-values <0.05. Statistical analysis was performed using SAS 9.3 (World Headquarters, SAS Institute Inc., Cary, NC, USA).
RESULTS
Demographics and patient characteristics
Diagnosis of PI was made in 62 patients with acute PE (16.9%). Incidence of PI was highest in younger patients, and decreased in incidence with increasing age (Fig. 1) . Patients with PI were significantly younger 
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(48 AE 20.3 vs 59.6 AE 17.2 years, P < 0.01), with lower PESI scores (73.7 AE 38.1 vs 91.9 AE 37.5 years, P < 0.01), and endorsed PCP with significantly higher frequency (65% vs 39%, P < 0.01).
There was no significant difference in other clinical symptoms, frequency of antibiotic administration, hospital length of stay or inpatient mortality between groups (Table 1) . Younger patients presented more frequently with PCP, while older patients presented more frequently with AMS. Symptom duration prior to presentation did not differ significantly between age groups (Table 2 ).
Laboratory and radiographic characteristics
No significant difference existed between elevated troponin I, BNP or leucocytosis between groups ( Table 3) . Evidence of RV dysfunction on echocardiography was significantly higher in patients with PI (50% vs 32%, P = 0.04). The presence of radiographic cardiopulmonary disease was significantly lower in patients with PI (emphysema: 5% vs 22%, P = <0.01; aortic atherosclerosis: 23% vs 43%, P = <0.01). There was no significant difference in clot distribution between groups (Table 3) .
Radiographic characteristics of pulmonary infarctions
Central lucency was noted in 70.8% of PI, 3.1% demonstrated air-bronchograms, 92.3% were semicircular in shape and 86.1% demonstrated a vessel sign. PI occurred predominantly in the right lung (76.9% vs 23.1%, P = <0.01) and in lower lobes (81.5% vs 19.5%, P = <0.01) ( Table 4) .
Univariate and multivariate analysis
Univariate analysis demonstrated presence of aortic atherosclerotic disease and radiographic emphysema significantly decreased risk of PI, while younger age, PCP and pleural effusion significantly increased risk. In multivariate analysis, four covariates remained significantly associated with probability of PI: age ≤33 yearsold, PCP, radiographic emphysema and presence of pleural effusion (Table 5) .
DISCUSSION
We found the prevalence of PI in patients with acute PE at 16.9%, comparable to the recent literature. [5] [6] [7] 11 PIs occurred most frequently in younger patients, decreasing with increasing age. On multivariate analysis, younger age and PCP remained significant risk factors for PI, while presence of radiographic evidence of emphysema reduced risk. PI correlated with significantly lower PESI, likely due to the effect of younger age on composite PESI scores.
Contrary to the seminal observations by Hampton and Castleman, 10 Dalen et al. 14 and Morpurgo and Schmid, 15 our investigation suggests younger patients without comorbid cardiopulmonary disease are at highest risk of developing PI following acute PE. 10, 14, 15 The original reports postulated chronic pulmonary venous hypertension and impaired forward flow through bronchial arteries to be the major risk factors for developing PI. 9, 10, 14, 16 The emerging literature however challenges this hypothesis, suggesting an alternative pathophysiologic mechanism exists to account for the increased prevalence of PI in younger and healthier cohorts. 6, 7, 11 We noted a lower prevalence of cardiopulmonary disease in patients with PI, particularly in radiographic emphysema and aortic atherosclerosis. This negative association with emphysema remained significant in our multivariate analysis, where the presence of emphysema significantly lowered the risk of developing PI. We hypothesize that older individuals have more developed bronchopulmonary collateral vessels due to chronic cardiopulmonary disease, conferring protection against PI during PE. This reduction in risk may be secondary to ischemic reconditioning from an increase in pulmonary collateral angiogenesis in response to intermittent or chronic hypoxia in the context of significant comorbid cardiopulmonary disease, which is typically more prevalent in the elderly. Ahmed et al. demonstrated increased coronary collaterals by coronary angiogram in individuals with obstructive sleep apnoea who presented with acute coronary occlusion compared to similar patients without obstructive sleep apnoea. 17 Individuals with increased collateral circulation developed smaller territories of myocardial infarction, which the authors attributed to maintained perfusion through collaterals. 17 It is well-established that recurrent myocardial ischemia promotes coronary collateral vessel development, and we hypothesize this compensatory angiogenesis occurs in the pulmonary vasculature as well. 17 Indeed, multiple reports from the mid-20th century report robust proliferation of the pulmonary vasculature in patients with cardiopulmonary disease through anatomic studies. 8, 18 Animal models have also shown significant expansion of bronchial circulation following occlusion of the pulmonary artery occurring over weeks to months. 19 A recent study by Miniati et al. observed increased PI in younger patients with fewer comorbid conditions, 7 while Kirchner et al. demonstrated cardiac congestion from heart failure to have no association with radiographic PI. 6 Recent molecular studies have demonstrated increased expression of vascular endothelial growth factor (VEGF), a potent mediator for angiogenesis, in multiple chronic lung diseases. 20 Kanazwa et al. demonstrated enhanced VEGF expression in bronchial and alveolar epithelia in patients with chronic bronchitis 21 ; Kranenburg et al. 22 and Knox et al. 23 noted upregulation of VEGF in the distal airways and alveoli of patients with chronic obstructive pulmonary disease; and Liebow et al. reported that the obliteration of pulmonary capillary beds in emphysema coincided with significant expansion of the bronchial arterial system on anatomic studies. 8, [21] [22] [23] These observations may occur as a result of increased peripheral expression of VEGF to promote angiogenesis and compensate for intermittent hypoxia or reduced pulmonary vascular surface area seen in emphysema.
Dalen characterized the temporal progression of PI during PE, noting that emboli to healthy lungs initially -a finding Hampton and Castleman described as incomplete infarctions. 10 The authors concluded that the elevation in pulmonary venous pressures from congestive heart failure resulted in the progression of haemorrhage to tissue necrosis-the absence of which allowed for resolution of haemorrhage and prevention of formation of an organized lesion. 10 Experimental studies in the 20th century corroborated these findings, noting that healthy lungs in animal models did not infarct following pulmonary embolism without concurrent increase in pulmonary venous pressures, either by ligation of the involved pulmonary vein or through chemical induction of pulmonary congestion. 25, 26 Such findings may clarify the discrepancy in epidemiology of PI in the current era, where diagnosis is made early and by CTPA rather than post-mortem histologic studies. It is possible our radiographic diagnoses of PI reflect incomplete infarction rather than tissue necrosis, a complication that may be transient in the absence of pulmonary venous congestion. Indeed, Miniati et al. found no difference in residual perfusion defects on lung scintigraphy between patients with and without PI 1 year following PE, a cohort in which individuals with PI were significantly younger (47 vs 61 years, P < 0.01) and without cardiovascular disease (18% vs 37%, P < 0.01). 7 Radiographically, we observed no difference in clot distribution between groups. Similarly, Kirchner et al. noted that clot burden was not significantly higher in patients with PI, while also showing shorter distances between completely occluded segmental arteries and their adjacent pleura in patients with PI. Karsner et al. described compensatory increased distal flow by bronchial arteries following pulmonary artery obstruction, except when embolic obstruction occurred in pulmonary vessels less than 3 mm in diameter, suggesting a possible mechanism for pulmonary infarction when smaller, peripheral pulmonary arteries are obstructed by PE. 27 In agreement with the characterization of PI by Revel et al., we found that PIs commonly demonstrated central lucency, were semicircular in shape, without air bronchograms, and were frequently associated with a feeding vessel. 13 An ipsilateral pleural effusion was also significantly more frequent in patients with PI, an association that remained significant on multivariate analysis. 28 PCP was also an independent predictor for PI. Although inflammatory mediators from platelet-rich emboli can increase pulmonary capillary permeability, necrosis following infarction could potentiate this inflammatory reaction, further increasing capillary permeability, inducing clinically appreciable pleural effusions through haemorrhage into the pleural space. 28 This inflammatory reaction likely manifests as PCP.
PIs were lower lobe predominant-a phenomenon observed in multiple other reports. 6, 7, 28 An understanding of the physiology of pulmonary blood flow offers insight into this phenomenon. As described by West's 'zones of flow', pulmonary blood flow is highly dependent on hydrostatic pressures and therefore is significantly governed by gravity. In the upright individual, pulmonary arterial blood flow will be greatest to the most dependent parts of the lung which demonstrate zone 3 characteristics. In zone 3, venous pressure exceeds alveolar pressure and blood flow is determined by the arterial-venous pressure differences, which increase down the zone causing an increase in transmural pressure and increased blood flow. 29 Additionally, lower lobe PIs may occur due to the development of zone 4 conditions at the bases of the lungs. Here, the weight of the lungs causes external compression of extra-alveolar vessels, significantly increasing their resistance and impairing basal blood flow. Lung weight also impairs alveolar volume, causing regional hypoxia and consequent hypoxic vasoconstriction and increased vascular resistance. 30 A developing infarction with secondary PCP may result in lower lung volumes creating zone 4 physiological conditions, further decreasing perfusion and predisposing to PI. 31 Our investigation is not without limitations. It represents retrospective data from a single centre. Appropriate workup among all patients was not uniform and there was no pathologic correlation with CT findings, thus other entities presenting as peripheral opacities could not be ruled out. 32 However, following careful clinical, laboratory, echocardiographic and radiological review of each case, it is highly unlikely that a significant number of patients were misdiagnosed with PI.
In conclusion, our investigation demonstrates younger patients without comorbid cardiopulmonary disease are at highest risk for developing PI following acute PE. PCP and presence of a pleural effusion were significant predictors of PI, while the presence of emphysema appeared protective. We propose that the development of significant bronchopulmonary collaterals associated with increasing age from ischemic reconditioning may play a protective role in decreasing the prevalence of PI following acute PE in the elderly, compared to younger patients.
